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Introduction

The LANL Isotope Production Facility (IPF) is one of the two high-current proton linear accelerators
operated under the auspices of the DOE Office of Nuclear Physics Isotope Development and Production for
Research Applications Program. The IPF beamline operates with a fixed 100-MeV energy proton beam,
diverted from the LANSCE accelerator and guided towards the isotope production target station (Figure 1).
The fixed beam energy limits the number of isotopes that can be produced at IPF, and adversely affects the
purity of isotopes produced at non-optimal energies.

Figure 1: The IPF facility is to the left of the LANSCE main linac in a separate building.

In particular, the IPF program is receiving increasing numbers of requests for high purity isotopes
such as Np-236 (national security applications) and Re-186 (medical therapy). These are typically produced
via (p,n) and (p,2n) nuclear reactions, requiring very tight control of the incident energies on the production
targets to ensure an end product with a high radionuclidic purity. It is well known that this level of energy
control cannot be achieved when a 100 MeV beam of mono-energetic protons is degraded to the required
energies, typically below 30 MeV, as too much energy spread is acquired. Operating the IPF beamline at
lower, mono-energetic beam energies such as at 40 MeV will allow the required tight energy control in target
assemblies to ensure a high purity product.

In addition, NP has requested a LANL/BNL/ORNL collaboration focus on establishing a national
large-scale production capability for the therapy isotope Ac-225. Recent nuclear cross section measurements
done at LANL show that due to a steep rise in production cross section towards higher proton energies (See
Figure 2), proton beams at energies substantially greater than 100 MeV will be highly beneficial for Ac-225
production [AC255]. Such higher-energy beams cannot be delivered to IPF at present. Lower-energy beams
(70 MeV and 40 MeV) can be delivered but only in sole-use mode; all other LANSCE users must be offline
during 70 MeV or 40 MeV operation.
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Figure 2: Experimental and theoretical cumulative cross sections for the formation of “*Ac by the
proton bombardment of thorium [AC255].

The addition of an RF accelerator/decelerator section onto the IPF beamline that could reduce the
beam energy down to 40 MeV, or increase it up to 160 MeV, would achieve both objectives in a way that is
transparent to other LANSCE users. A preliminary design concept [LA-UR-13-26568] for a dedicated
beamline modification showed that such a “bi-directional” approach might fit into the available beamline
space (< 15m), but that this would be challenging from an available space perspective.

Objectives/aims of the proposed project

The objective of the proposed work is to design RF structures for a credible IPF beamline design
incorporating the ability to set the output proton beam energy at different values matched for optimal
production of specific isotopes. This represents a significant extension of existing capabilities of the IPF
beamline for NP customers. The work will focus on the RF section, which is the most space-consuming part
of the beamline; for the rest of the beam transport we will assume the beam optics as derived for the
conceptual design referenced above. Within these boundaries, both bi-directional (on one beamline changing
the energy from 100 MeV up or down in the range 40-160 MeV) and uni-directional energy slew
configurations (a single beamline either decelerating the beam from 100 MeV down to 40 MeV or
accelerating the beam up to 160 MeV) will be evaluated and suitable RF structures will be identified and
designed. The preliminary work done on the bi-directional 40-160 MeV case has shown that this versatile
upgrade option is feasible, while challenging from a beamline space perspective. Therefore, it must be pointed
out that beam energies marginally above 40 MeV are also very useful. Hence a modification of the first option
employing a bi-directional design for the case X-160 MeV, where X can range from 40 to 50 MeV, will also
be considered. The deliverables for the first year effort shall be compact beamline and RF cavity designs for
each feasible option, with sufficient detail to support fabrication and testing of prototype resonators in a



follow-up effort. The deliverables would also provide supporting information to prioritize options and
downselect the most suitable one, enabling a more detailed design and full costing.

Description of the work

Operation of the IPF beamline at energies lower than 100 MeV currently requires modification of the
LANSCE accelerator’s nominal operating configuration. Doing so is difficult to schedule over extended
periods of time, as all other downstream users are adversely impacted. Operation of the IPF beamline at
energies greater than 100 MeV is currently impossible. The proposed work would make use of presently
unused space in the IPF beamline to modify the energy of the IPF beam without impacting other LANSCE
users. Figure 3 shows that at present the IPF beamline consists mainly of drift space. Populating the drift
space with RF cavities and focusing magnets provides an opportunity to change the beam energy independent
from LANSCE. The challenge is obtaining a useful energy change in the space available between the
LANSCE beam line and the IPF target.
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Figure 3: The present beamline layout transports the beam from LANSCE to the IPF target on a mostly empty
beamline that consists of a matching section, some focusing magnets and the raster magnet to control the flux
onto the target.

The proposed work focuses on using high-gradient superconducting RF (SRF) structures, providing
the greatest potential for delivering the maximum energy change within the restricted space.

Three different beamline configurations are considered. First, coverage of the full range of energies
from 40-160 MeV will be referred to as bi-directional operation and is the preferred solution since it supports
the entire range of new customer interests. This scenario will also include the option of relaxing the 40 MeV
requirement for the sake of fitting into the limited space. The remaining two scenarios are uni-directional
operation, either for deceleration only (100 to 40 MeV) or acceleration only (100 to 160 MeV).

Bi-directional operation: The first, most flexible scenario uses an RF section that can increase or decrease
the beam energy on the same beamline, depending on the phasing between the beam and RF fields. In
acceleration mode the beam energy could be increased by up to 60 MeV, delivering up to 160 MeV proton
beams to the target. In deceleration mode (see Figure 4) energy would be removed from the beam, permitting



delivery of proton beams down to a beam energy of 50 - 40 MeV. A beamline with this capability could serve
customers for all needs presented in the introduction.
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Figure 4: In phase, the RF cavities will transfer energy to the particle beam (green --> red); out of phase, the
beam will transfer energy to the RF cavities (green --> purple).

Uni-directional acceleration/deceleration: As an alternative to bi-directional operation, the new beamline
could focus on providing optimal energy increase or decrease, but not both. High production rates could be
achieved for the Ac-225 medical therapy isotope for an optimal beam energy above 100 MeV [AC255], or a
deceleration-only beamline could be operated to support medical isotope production or national security
applications requiring beam energies down to 40 MeV. A uni-directional approach is attractive as it reduces
the number and complexity of the associated RF systems. Such options may be attractive in fiscally
constrained environments.

Velocity grading: In the energy range of interest the proton beam velocity changes strongly with the beam
energy. For instance, a 100 MeV proton travels at 43% of the speed of light; a 40 MeV proton is moving at
28% of ¢, and a 160 MeV proton at 52% of c. To address this effect, “graded” structures are often used,
wherein the structure length is matched to the beam velocity for optimum energy transfer. This approach
would be used for the uni-directional operating modes, where either the length of the RF structures increases
(acceleration) or decreases (deceleration) along the beam line. This approach could however not be used for
the bi-directional mode of operation, as both acceleration and deceleration would need to be performed by the
same RF structures. Thus the three scenarios require three different RF structures: uniform structures for bi-
directional operation; positively graded structures for uni-directional acceleration and negatively graded
structures for uni-directional deceleration.

RF frequency choice: IPF typically operates with 625 us macro pulses at a 40 Hz rep-rate for a 2.5% duty
cycle. The nominal average current of 250 uA translates to a 10 mA peak current. To be able to maintain the
original pulse format, peak and average currents, we are opting for spoke resonators at the same RF frequency
used by the upstream DTL section of LANSCE: 201 MHz.

Resonator geometry: Based on the frequency choice and a consideration of the low beam energy, the
most suitable (for high gradient) SRF structures are spoke resonators [Delayen]. Elliptical resonators would be
too big at this frequency, and at the low beam velocities (0.28 < f=v/c < 0.52) would be very inefficient.
Multi-cell structures typically have real-estate gradients that increase with the number of cells. Generally
speaking, however, the velocity acceptance of a structure is inversely proportional to the number of cells in



the structure (Figure 4). Thus, a long, multi-cell structure is not an appropriate choice for any of the scenarios
we are considering.
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Figure 4: Transit time factor (efficiency) for a range of multi-cell resonators as a function of normalized f.

The ideal RF structure length is given by integer multiples of B4* A/2, where Bq is the normalized
reference velocity for which the structure works best, B is the normalized beam velocity, and A is the
wavelength corresponding to the RF frequency of the resonator. The biggest velocity acceptance can be
achieved for two-cell, single-spoke resonators that are the baseline for the work described here. An example
geometry is shown in Figure 5. The velocity acceptance is considered acceptable for a transit-time factor
(efficiency) of better than 55%. Short structures are important also for flexibility of operation: independently
phased short structures can be properly tuned for setting any energy between 100 MeV and the final beam
energy limit, whether accelerating or decelerating.

Figure 5: First proof-of-principle design of a spoke resonator at 201 MHz for a nominal beam velocity of
S:=0.283.



Design strategy: For all three scenarios SRF resonators will be selected that provide the shortest possible
beamlines. In the bi-directional case this will be for a fixed B4 at the low end of the velocity range. Selection
of a Bq at the lower end of the velocity range is required due to the skewed shape of the transit-time factor
curve (Figure 4), keeping in mind that the structures must retain their efficiency when operating with 40-MeV
beams at the end of the line. The preliminary design gives an optimum choice of 34=0.283, providing an
efficiency better than 55% for the full beam velocity range of 0.28 ¢ to 0.52 c. For the uni-directional
scenarios, a range of 2 — 3 different B4 values will be determined that best match the velocity change of the
beam. No constantly-varying geometries will be considered; limiting the types of different cavities to be
fabricated to a small number will help optimize overall cost. This stepped-f4 approach is common in the
proton accelerator field [RIA] and provides structures that over the full velocity range have efficiencies much
higher than 55%.

For each B4 and corresponding acceleration gap length, RF resonators will be designed for optimum
performance. The performance criteria are RF frequency, maximum shunt impedance and minimum peak
surface fields. (Table 1 shows representative parameters from the preliminary design concept.) These
parameters determine the maximum gradient at which the cavities can operate. For low-f structures a prudent
maximum for peak electric surface fields is 27 MV/m, a limit established during the prototyping phase for the
SNS project [SNS]. For a peak surface field ratio of 2.61, this allows a peak on-axis gradient of ~ 10 MV/m
and thus an energy change per resonator of about 3.6 MeV for a beam with 3 ~ B4. As [ varies from the
optimum B4 the energy change will be reduced, as described by the transit time factor (TTF) change from 77%
to 55%.

Based on the RF performance parameters, beam-dynamics simulations will be performed to model the
transport of the beam from the matching section at the entrance to the IPF beamline, to the entrance of the
raster magnet at the end of the IPF beamline. These beam-dynamics simulations will encompass the desired
energy gain or reduction, proper phasing between beam and RF, and focusing and beam transport.

Table 1: Representative RF parameters for a /=0.283 spoke resonator

Value | Comment

Gap length [mm] 363

Real-estate length [mm] | 543

Radius [mm] 412.7

Aperture [mm] 25 Radius
Frequency [MHZz] 201

E peak / E acc 2.61 | Atnominal B4

R/Q [Q] 224 | Atnominal Bq
TTF 0.77 | At nominal Bq




Beam-dynamics Simulations: Standard accelerator design tools, such as Parmela [Parmela] or GPT
[GPT], are readily available and well-suited to simulations of this type. As with any simulation, obtaining
reliable output requires accurate input; in this case, the parameters describing the beam from LANSCE must
be provided in order to obtain a realistic model of both the energy change and transverse dynamics. EXxisting
transport and focusing elements must be incorporated, as well as information regarding whether those
elements are movable or replaceable. Finally, design parameters and constraints for the final focus required at
the target are needed.

Deliverables: For each of the three operating modes, the beamline layout and required length will be
determined based on the selection of RF structure and operational parameters. As a result, for each scenario
we will learn if a credible design can fit into the limited space in the IPF beamline. Minor parameter tweaks
will be part of an optimization effort.

For the bi-directional operation, RF performance for the given best B4 and beam optics are the only
adjustable parameters. These are complemented by the option to relax the lower energy bound. If a change of
the low-energy point is necessary, the final design deliverables will include the resulting effect on the purity
of the generated isotopes.

For the uni-directional cases the optimization effort is more flexible and elaborate. RF designs based
on a variable set of 34 can be evaluated in an iterative process; the resulting lengths and achievable beam
parameters are then used to determine the best performance given the available space. The graded-structure
approach with its better velocity acceptance also adds the option to consider 3-gap, two-spoke SRF resonators,
which improves the real-estate gradient, reducing the operation gradient and cryogenic cooling requirements.
We do not consider it likely that for these cases any compromises in the achievable energy range will be
required.

As an outcome of this iterative approach of RF structure design and beam dynamics, two very specific
deliverables will be available at the end of one year for follow-on work:

e A selection of up to three beamline designs, with calculated on-target beam properties, from which a
baseline design can be picked for determination of the full needs of the accelerator and all subsystems;
and

e Corresponding detailed RF structure designs for the baseline of choice, for which prototyping can
immediately be started upon additional funding.

Justification of the project

The proposed project addresses requirements of the 2007 NSAC Long Range Plan that encourages
applications derived from basic research in nuclear science, as it leverages prior development of advanced RF
structures (e.g. for RIA and FRIB) for extended capabilities of the LANL IPF facility [NSACO7]. More
importantly it also supports the findings of the 2009 NSAC Final Reports on “Compelling Research
Opportunities using Isotopes” [NSACI] and “Isotopes for the Nation's Future - A Long Range Plan”
[NSACII] that recommend to “invest in new production approaches for alpha-emitters with highest priority
for 225Ac”.



Present isotope production capabilities at the LANL IPF only cover a limited range of desired
customer needs with relevance to medical or national security areas. In particular, the application of a novel 4-
n cooled, 40 MeV irradiation capability to the production of novel isotopes for national security and medical
applications may be required in the future. More importantly, the potential of future demand for Sr-82 and
simultaneous demand for Ac-225 in out-years is an important driver for this design study. In IPF’s current
configuration, the production of Sr-82 and Ac-225 would compete for the high-energy (92-73 MeV) target
slot. An energy upgrade would optimize production of Ac-225 in the 100-160 MeV range [AC255] while
allowing optimized production of Sr-82 to continue in accordance with normal IPF operations.

The fixed-beam-energy operation at 100 MeV is sub-optimal for many isotopes. While there are
different approaches to address this, the addition of RF resonators to change the beam energy on target seems
to be very promising. It uses space that is already available on the IPF beamline, the configuration is totally
transparent to LANSCE operation, and it preserves the operation of the IPF based on a linear accelerator, in
which LANL is very experienced. Its implementation adds significant flexibility to the IPF operation, which
would result in new customers and applications that potentially add new funding sources to the IPF operation.

The focus of the proposed work on the RF-structure and beam-dynamics studies gives a depth to the
quality of the results that seemed superior to us in comparison with an overall system study, which would
have to be much more simplistic within the expected funding limits.

Methods used

The work in the first year would be mostly theoretical, with physics and engineering simulations to
design good quality SRF resonators, and beam-dynamics simulations incorporating the resonators’ calculated
electromagnetic fields. The design team has decades of experience in this type of work with proven results.

As a first step, analytically the B4 selections for all three operating scenarios will be firmed up from
the previous design concept. The up-front work will also include nuclear physics simulations that provide
optional relaxation of the low-energy boundary upward from 40 MeV, while still yielding acceptable purity
isotopes at the lowest energy limit.

Beam dynamics simulations shall begin with generic cavity field models and magnetic fields for the
optical beamline elements. The software packages used are Parmela, GPT or elegant; each has its particular
strengths, and using several codes provides good cross-checking of the results. These simulations establish the
basic requirements on RF resonators and beam optics that will be translated to space requirements and RF
resonator performance needs.

RF resonators will be designed using established 3D electromagnetic simulation tools such as CST
Design Studio [CST]. These provide all performance parameters for the operating modes, as well as for
undesired modes that may require suppression. The RF design work will also generate information for other
relevant considerations. These include RF loss information required for the cryo-module properties, CAD
versions of the SRF resonator geometries for a fast-track evaluation of mechanical properties and fabrication
considerations, and interfaces to power feeds and HOM damping, if this is required. As they become
available, electromagnetic field maps from the RF resonator simulations will be incorporated into the beam
dynamics simulations.



Much of the beam-dynamics and RF design work can be done in parallel, as many basic parameters
are known from previous work or experience. This allows for a fast iterative process of beam-dynamics and
RF simulations that cumulates in a final, self-consistent description of beam-transport and structure design.

Space requirements are an especially important aspect of this design project; our deliverables also
include analytic estimates of cavity-to-cavity spacing (to evaluate cross-talk), determination of the use of
normal or superconducting focusing magnets, the overall configuration of the cryo-modules that house the
SRF cavities and, finally, any required new beam diagnostics and transport control magnets in addition to
present components on the IPF beamline.

Results expected

Based on the good results from the preliminary design concept, we expect to achieve credible beam-
dynamics and RF structure designs for more than one operating scenario. Neither the beam parameters nor the
RF performance parameters are extremely challenging, putting the design work at an acceptable technical risk
level. The results of the beam-dynamics studies are expected to be detailed enough to be immediately useful
for an overall layout of the beamline and major subsystems in a follow-up effort. The RF designs will be
detailed enough to facilitate follow-up with mechanical design and fabrication drawings after completion of
the first year. The operating parameters will provide all information for determining power coupler
requirements, the needs for higher-order mode (HOM) damping, RF power source and load parameters,
cryogenic loads and cryo-module configuration. Thus the results of the first year effort should be sufficient to
immediately support follow-up prototype testing and a fast-track determination of a suitable full IPF upgrade
path based on the present location of IPF.

Alternate options

There are two primary alternatives for the IPF beamline RF structures. The first is the use of quarter-
wave SRF resonators [Shepard] instead of spokes. This would require a trade-off between a slightly lower
operating field gradient (and a corresponding increased length of the beamline) versus the advantages of
radially more compact resonators. It should be noted that at 201 MHz, spoke resonators, while more compact
than elliptical cavities, are already large in diameter.

The use of SRF resonators is beneficial, as these structures can achieve higher gradients than normal-
conducting resonators. However, due to the need for a cryoplant to provide liquid helium, a superconducting
system is arguably more complex than a water-cooled, room-temperature system. If normal-conducting
structures were to be considered, the use of IH/CH structures, as for example investigated at LANL
[Kurennoy] present the second option. Again, this choice represents a trade between structure gradient,
available space, and overall system complexity.

We reserve consideration of these alternatives should the described design work reach limits that
might be overcome with one of these alternate approaches. They will otherwise, however, not be considered
for the proposed work.

Timeline

The proposed tasks start with nuclear cross-section simulations to understand the impact of specific
beam energies on yield and purity of isotopes. Based on these results the three operating scenarios will have



their own RF design tasks, beam dynamics simulations and generation of self-consistent beamline layouts (for
all cases that fit into the beamline limitations), considering beam on target, the optimized RF resonators,
cryomodule configurations and beam optics.

The described work will be performed by a team of scientists from LANLs’ C-11AC (Inorganic
Isotope & Actinide Chemistry) and AOT (Accelerator Operation and Technology) divisions, with some
support functions. Dr Engle will contribute the nuclear physics expertise, Drs Krawczyk (P1), Lewellen and
Tajima (Co investigators) are responsible for the RF structure, beam dynamics and cryogenics tasks. The
timeline is given in Figure 6. To track progress, milestones have been set at approximately 4-month intervals;
at each milestone, one of the three scenarios has been evaluated for feasibility within the available IPF
beamline space.
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Figure 6: Timeline for design of three beamlines and the resulting recommendations for RF structures,
beamline configuration and sub-system needs

Path forward after year one

The proposed work will conclude with detailed recommendations for suitable beamlines at the present
location of the IPF. Based on NP Isotope Program customer needs and priorities, these results can form the
foundation for a short-term down-select of a baseline IPF upgrade beamline and for a streamlined effort to
configure and cost this beamline and the associated support systems. The RF resonators are also detailed for
potential immediate start of a prototype fabrication and testing effort.
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APPENDIX 4: FACILITIES & OTHER RESOURCES

Los Alamos National Laboratory has the requisite technical infrastructure and experience to reliably
transition accelerator structures from initial design, through prototype testing, into operational status within a
user facility. The LANL accelerator technical area, centered around the LANSCE accelerator complex, is
home to the IPF beamline itself, a world-class SRF testing laboratory for individual cavities, and a shielded
tunnel complex suitable for testing completed cryomodules.

As home to the Accelerator Operations and Technology Division, and specifically the High Power
Electrodynamics group, the accelerator technical area also hosts subject-matter experts on all technical fields
required to successfully complete the proposed work. In particular, the P1 (Dr. Krawczyk) has world-leading
experience in the design of SRF resonators for proton and ion applications. The other members of the
proposal team are recognized experts in beam dynamics simulation and optimization (Dr. Lewellen), SRF
operations and cryogenics (Dr. Tajima) as well as isotope production modeling (Dr. Engle). The team also
has direct access to critical IPF beamline data, in particular both the design parameters of the existing IPF
beamline and the parameters of the beam presently supplied by LANSCE to the IPF.

This environment naturally supports an efficient, success-oriented approach to perform both the
accelerator layout and RF structure design with a potential follow-up execution of the project based on the
results of the proposed work.



APPENDIX 5: EQUIPMENT

The work proposed, at this stage, focuses mainly on theoretical and engineering design work for an
upgraded IPF beamline. As such, most of the required equipment consists of computer hardware (already
existing) and software (some currently available, some to be purchased) to perform the required simulations.

Critically, however, the design team also has physical access to the IPF beamline, as well as its
nominal design and beam parameter data. In the likely case that the new designs require modification to the
existing beamline (i.e. repositioning of magnets), the ability to rapidly obtain data on as-built equipment
location and specifications, and the potential for relocation or replacement, will notably improve the ability to
validate design choices. Thus, while not strictly part of the required-equipment tally in the usual sense, the
ability to locally access the IPF beamline itself, and its presently installed equipment, will play a key role in
increasing our confidence in the proposed upgrade paths.



APPENDIX 6: OTHER ATTACHMENTS

None
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